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Developing a sustainable and renewable energy future has been one of the most important tasks for worldwide scientists to address increasing global energy consumption as well as the critical issue of climate change. Efficient energy storage systems are needed for the electricity generated from intermittent, renewable sources.
1 Rechargeable lithium ion batteries have been commercially successful energy storage devices since 1991. 2 So far, there are three main anode materials: the alloy-type anodes materials such as Si-and Sn-based alloys and their composites, 3 the conversion reaction type ones such as transition metal oxides, 4, 5 and the intercalation/deintercalation type one such as graphite, Ti-based oxides, 6 and layered V-based oxides. 6, 7 Although work on the alternatives to intercalation type anode materials has made important progress, graphite still remains the dominant commercial anode material. However, graphite has a small lithium diffusion coefficient and experiences large volume variation of 9% during the lithium intercalation/de-intercalation process. In addition, it has severe safety issues of dendritic lithium growth, due to its low potential (only about 0.2 V versus Li + /Li). Especially at high rates, polarization would considerably lower its potential further, causing the birth of lithium dendrites and the consequent safety issues. Furthermore, the thick solid electrolyte interphase (SEI) layer on its surface could also introduce kinetic problems for fast charge and discharge. 8 Li 4 Ti 5 O 12 has been found to change its structure negligibly during the discharge/charge process, and possesses good lithium ion mobility and a long and stable voltage plateau, together with low cost, environmental friendliness, and enhanced safety. [8] [9] [10] Nevertheless, its potential is still relatively higher, about 1.6 V (versus Li + /Li), thus halving the overall cell voltage and negating the benefits.
The estimated energy density of lithium ion batteries based on Li 4 Ti 5 O 12 anode (regarding both potential and capacity) does not exceed one third of that on graphite if they are coupled with a typical 4 V cathode. 5 It was recently reported that Li can be intercalated into the layered transition metal oxide LiVO 2 , 6 but its major difficulty for application as an anode lies in the fast 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 deterioration of the material. [11] [12] [13] So, it would be of great interest to find a new intercalation anode with large capacity and appropriate intercalation potential. The properties of inorganic hollow structures can be well tuned by tailoring their morphology and crystallinity. [14] [15] [16] However, it is a great challenge to develop feasible methods for the one-pot, template-free, solution synthesis of single-crystalline particles with well-defined non-spherical morphologies. 17 Here, we reported the preparation of a composite of hollow Li 3 VO 4 microboxes with a wall thickness of about 40 nm wrapped by graphene nanosheets (LVO/G). When the LVO/G composite is used as anode material for lithium ion batteries, it offers significant improvements in capacity, rate capability and cycling life compared to the reported vanadiumbased anode materials. microboxes was also prepared using the same procedure without graphene oxide and hydrazine hydrate, and graphene was obtained by the reduction of grapheen oxide with hydrazine hydrate.
5, 13
As to the detailed formation mechanism of the microboxes (Scheme 1), the supporting 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 These data are much higher than those of the reported. 5, 13 The main capacity is situated at about 1 V, which is consistent with their cyclic voltammograms ( Figure S4 ). In addition, the Li 3 VO 4 also shows a discharge platform below 0.2 V, which makes the whole charge capacity reach 467 mAh g -1 , much higher than that of the commercial graphite. The comparison of the discharge/charge profiles between different voltage range is shown in Figure S5 . Considering that the amount of graphene is 10.5 wt.%, the above comparison indicates that the contribution of graphene to capacity is not small, which will be about 440 mAh g -1 for the graphene nanosheets.
This is similar to that for the reported amorphous carbon, whose voltage is ranging from 0 to 3.0 V. 24 As a result, the intercalation and de-intercalation reactions during the charge and discharge process can be shown as equation (1):
The Nyquist plots (EIS spectra) show two compressed semicircles in the high to medium frequency range of each spectrum, which describe the charge transfer resistance (R ct ) for these electrodes, and an approximately 45 o inclined line in the low-frequency range, which could be considered as Warburg impedance (Z W ), which is associated with the lithium-ion diffusion in the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 bulk of the active material. The first compressed semicircle is related to the SEI film, and the high-frequency intercept of the second semicircle is related to the uncompensated resistance (R u ), while the diameter of the second semicircle is related to the charge transfer resistance (R ct ). 22 After simulating the second compressed semicircle for both samples, the values of R ct for the
The lithium diffusion coefficient can also be calculated by using the following equation:
where R is the gas constant, T is the absolute temperature, A is the surface area of the anode (1 cm 2 ), n is the number of electrons transferred in the half-reaction for the redox couple, F is the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 capacity faded from the crack of crystal. In the case of the Li 3 VO 4 /graphene composite, it shows an even higher capacity. The charge capacity of the LVO/G composite in the third cycle is 378 mAh g -1 and does not fade evidently after 50 cycles, which is very near to its theoretical capacity, 394 mAh g -1 . After long cycling at high rate (10C), the capacity is still stable. The good retention of capacity can also be proved by the stable EIS spectra and tact SEM micrographs after cycling ( Figure S6 ).
To compare the rate capability, the C rate is based only on the Li 3 VO 4 and 1C is 400 mA g which is 136 mAh g -1 higher than that of the LVO. These results are also superior to the reported vanadium-based anode materials, 5, 13 and also superior to those of graphite.
The improvement in the electrochemical performance of the Li 3 VO 4 over the reported vanadiumbased anode materials can be due to several factors. First, the cavities or holes in the hollow structure may provide extra space for the storage of lithium ions like in carbons, 24 which is beneficial for enhancing the specific capacity, and this is the main reason the reversible capacities of the Li 3 VO 4 microboxes and the LVO/G composite are higher than the theoretic value of Li 3 VO 4 . Second, the hollow structure is often associated with larger surface area, which provides more sites for lithium insertion-desertion, leading to good charge and discharge performance at large current densities. 25 Third, the nanometer (40 nm) wall effectively reduces the diffusion distance for lithium ions, leading to better rate capabilities. Fourth, the void space in the hollow structures buffers the local volume change during lithium insertion-desertion and is able to alleviate the problem of pulverization and aggregation of the electrode material, hence keeping structural stability during cycling. 25, 26 In the case of the LVO/G composite, its superior electrochemical performance is ascribed to the wrapped graphene nanosheets. First, it provides higher electronic conductivity leading to the reduced charge transference resistance. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1908. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
